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1. Introduction {#sec1}
===============

Endophytic fungi are microorganisms that establish an endosymbiotic relationship with their host plants. These plants benefit ecologically because their growth and tolerance to environmental stresses are increased by the presence of those symbionts. Endophytic fungi can also be important and novel sources of natural bioactive compounds with potential applications in agricultural, medicinal, and food industries ([@bib28]). Plant-associated fungi might also produce the same bioactive compounds as their host plants. This has been demonstrated by gibberellins generated in *Fusarium fujikuroi* and taxol obtained from endophytic fungi associated with *Taxus brevifolia* ([@bib28]).

Endophytic fungi can be isolated from surface-sterilized plant parts or internal tissues ([@bib32]). Among the large number of endophytes already isolated, some fungi produce bioactive substances that are involved in the relationship between endophyte and host. These fungi are ubiquitous in algae ([@bib10]), lichens ([@bib16]), and mosses ([@bib27]), as well as in conifer species ([@bib5]) and angiosperms ([@bib9]). However, only 6--7% of such fungi have been identified within this microbial world. Although numerous studies have focused on endophytic fungi in temperate plants, the fungal endophytes of tropical plants must be explored if we are to identify the remaining 93% ([@bib19]).

Both culture-dependent and -independent approaches are often taken to examine the structure of plant-associated endophytic communities and isolate endophytic fungi. However, culture-dependent methods are somewhat limited when studying biodiversity because only a small fraction of the fungal populations can be recovered when using various culture media. Alternatively, culture-independent techniques are based on the analysis of DNA extracted directly from plant samples, thereby overcoming such limitations. Despite these advances in identifying endophytes, however, fast-growing fungi are still isolated preferentially while unculturable and/or slow-growing fungi can escape detection ([@bib8]). Nevertheless, culture-independent methods are currently the most effective means for screening fungal diversity from natural samples.

Medicinal plants are of great interest to many researchers because their compounds account for a large proportion of the current pharmacopoeia. Natural products are the main source of active ingredients in medicines. Over 80% of all drug substances, including most anti-cancer and anti-infective agents, are either natural products or inspired by a natural compound ([@bib18]). *Paris polyphylla* (Liliaceae) is highly valued because its rhizomes are widely used in traditional Chinese medicine for treating various inflammations and injuries. As an important component of Chinese patent medicines, such as "Biyan Qingdu Keli", these plants help treat chronic rhinitis and nasopharyngeal cancer ([@bib38]). In India, this species is found in Manipur, Uttarakhand, Himachal Pradesh, Lushai, and the Aka Hills ([@bib29]). The main active ingredients of *P. polyphylla* are steroidal saponins, of which at least 30 have now been isolated from rhizomes through phytochemical methods ([@bib38]). Although the demand for these rhizomes has been increasing in China, natural populations are declining significantly due to slow plant growth and over-harvesting. This species is at high risk of extinction ([@bib36]). Therefore, to meet commercial needs, it is urgent that researchers develop an effective way to increase rhizome yields or saponin concentrations through artificial cultivation. If new procedures can be devised for producing the endophytic fungi associated with this species, the dependence on wild resources can be decreased.

Saponin concentrations in *P. polyphylla* increase as plants age ([@bib6]). The diversity of endophytic fungi in this species has been investigated using cultural methods ([@bib15]). However, that study did not indicate the age of the samples nor consider any link between endophyte diversity and plant maturation. Therefore, the objective of our experiments was to elucidate the changes in diversity of endophyte fungi while *P. polyphylla* rhizomes are developing and to determine whether this diversity is correlated with saponin levels.

2. Materials and methods {#sec2}
========================

2.1. Plant materials {#sec2.1}
--------------------

Healthy rhizomes were collected in August 2014 from four-, six-, and eight-year-old plants of *P. polyphylla* that were grown in the germplasm resource garden of Yunnan Agriculture University, Kunming, China. The exact age is guaranteed because of their growth from seeding. Triplicate sampling was done with three plants per age class. All samples were placed in a cooler and immediately transported to the laboratory where they were refrigerated at 4 °C. The rhizomes were processed within 48 h of being collected, and taxonomic identifications of all plant materials were performed by Prof. Zhongjun He (Yunnan Agriculture University). Voucher specimens were deposited in the Faculty of Agronomy and Biotechnology, Yunnan Agriculture University.

2.2. Fungal isolation and identification {#sec2.2}
----------------------------------------

Endophytic fungi were isolated based on the procedures described by [@bib16]. After the samples were cleaned and cut into segments (5 mm × 5 mm × 5 mm), they were surface-disinfected by washing in 75% ethanol for 1 min, then rinsed twice in sterile distilled water, and placed in a 0.05 mg L^−1^ sodium hypochlorite solution for 3 min before being rinsed several times in sterile distilled water. The surface-sterilized samples were placed on plates of potato dextrose agar medium (PDA; HiMedia) containing a final concentration of 50 mg L^−1^ of the antibiotic streptomycin sulphate. After incubation in the dark at 28 °C for approximately one month, the segments were examined periodically. When the colonies developed, they were transferred to new Petri dishes filled with PDA. The fungi were isolated and sub-cultured to obtain pure cultures, which were then allowed to grow for 14 d before being subjected to morphological examination. The fungal specimens were deposited at Yunnan Agricultural University.

2.3. DNA extraction, PCR amplifications, and phylogenetic analysis {#sec2.3}
------------------------------------------------------------------

The endopytic fungi genomic DNA was extracted from the mycelia using a DNeasy Plant Mini Kit (Qiagen, USA) according to the manufacturer\'s protocol. The DNA samples were diluted in 50 mL of TE buffer containing RNase (10 mg mL^−1^), incubated at 37 °C for 2 h, and examined on a 1% agarose gel containing ethidium bromide. Total DNA was stored at −20 °C. The ITS region in the ribosomal DNA was amplified using forward primer ITSF (5′-CTTGGTCATTTAGAGGAAGTAA-3′) and reverse primer ITSR (5′-TCCTCCGCTTATTGATATG-3′) ([@bib14]). Each PCR reaction was prepared in a mixture (50 mL total volume) containing 10 mM for each dNTP, 1 × PCR buffer with MgCl~2~, 0.6 U of Taq DNA polymerase, 0.8 mM for each primer, and 20 ng of total DNA template. All PCR amplifications were performed in a Thermal Cycler (Bio-Rad, USA) under parameters that included an initial denaturation at 95 °C for 5 min; then 35 cycles of denaturation at 95 °C for 35 s, annealing at 55 °C for 55 s, and extension at 72 °C for 2 min; followed by a final extension at 72 °C for 10 min. Products were analyzed on a 1% agarose gel and visualized under a UV transilluminator. The PCR fragments of the expected size (about 500 bp) were excised from the gel with a clean, sharp scalpel and sent to the Beijing Genomics Institute (BGI) for sequencing. Chromatograms were visually checked and edited using BioEdit software. Homology searches of sequences were conducted with BLAST algorithm software at the National Center for Biotechnology Information (NCBI) website (<http://www.ncbi.nlm.nih.gov>). Multiple sequence alignments of the obtained sequences and reference sequences from GenBank were performed using CLUSTALW.

2.4. Plant metagenomic DNA extraction and retrieval of ITS sequences {#sec2.4}
--------------------------------------------------------------------

A Qiagen Stool Kit (QIAGEN Inc.) was used to extract total metagenomic DNA from the *P. polyphylla* samples, following the manufacturer\'s instructions. We used PCR to amplify the endophytic fungi ITS with the extracted metagenomic DNA (combined to form one per age class). The universal primers included ITS1f (5′-TGGTCATTTAGAGGAAGTAAAA-3′) and ITS1r (5′-GCTGCGTTCTTCATCGATGC-3′) for the fungal ITS fragments ([@bib14]). The reaction program was as follows: 94 °C for 5 min; then 35 cycles of 94 °C for 30 s, 55 °C for 45 s, and 72 °C for 90 s; then holding at 4 °C in the 50-μL PCR volume. Products were examined on a 1% agarose gel. The PCR amplicon was purified with a Qiagen Gel and PCR Purification Kit and sequenced by BGI according to the Illumina paired-end protocol to generate millions of reads.

2.5. Sequence analysis {#sec2.5}
----------------------

For analyzing fungal diversity, generated ITS sequences that were less than 140 bp long after quality-trimming were excluded. The Fungal ITS Extractor 1.1 ([@bib21]) was applied to obtain the variable ITS subregion of fungal ITS sequences and to exclude any portions of neighboring ribosomal genes. Raw sequences without pyrotags and forward primer sequences, as well as non-fungal ITS sequences, were also excluded. Any ITS chimeric sequences were removed with a BLAST-based open source software package. The resultant sequences for individual samples were subjected to the pyrosequencing analysis pipeline at the UNITE database, and diversity within the fungal community was examined based on species available from the NCBI website.

3. Results and discussion {#sec3}
=========================

We used culture-dependent and -independent techniques with the Hiseq2000 platform to examine possible connections between the high diversity of endophytic microorganisms and any age-related variations in steroidal saponin concentrations in *P. polyphylla*. The culture-based approach involved 270 segments (90 per age class) and revealed 147 isolates belonging to 18 well-identified taxa of endophytic fungi. Testing of our three age classes indicated significant variations in colonization frequency. The largest number of endophytes was recovered from eight-year-old rhizomes (49%), followed by four-year-old (30%) and six-year-old (21%) rhizomes ([Fig. 1](#fig1){ref-type="fig"}). The richness and number of endophyte isolates were highest in the older rhizomes. This was possibly due to longer colonization times and more favorable habitats for fungal establishment.Fig. 1Recovery of endophytic fungal isolates from *Paris polyphylla* rhizomes at different ages.Fig. 1

Numerous biotic and abiotic factors influence endophytic infections and colonization, including the chemistry and structure of the host tissue and the environmental conditions to which a plant is exposed ([@bib26]). Therefore, higher concentrations of anti-fungal and anti-herbivore substances may have reduced the opportunity for colonization in our younger *P. polyphylla* rhizomes. Similar observations have been reported for the leaves of *Bauhinia brevipes* ([@bib12]). Among the taxa identified here, *Fusarium oxysporum* (46.55%), *Leptodontidium* sp. (8.66%), *Trichoderma viride* (6.81%), *Penicillium chrysogenum* (5.55%), *Paraphaeosphaeria sporulosa* (4.54%), and *Plectosphaerella cucumerina* (4.08%) were the most frequently isolated species ([Table 1](#tbl1){ref-type="table"}). As also concluded by [@bib15], *F. oxysporum* is one of the most diverse phyto-pathogenic fungi and is widely dispersed throughout the soil, where it degrades lignin and complex carbohydrate molecules associated with soil debris. This fungus has also been isolated from healthy rhizomes of *Dioscorea zingiberensis* ([@bib37]), *Ginkgo biloba* ([@bib35]), and *Cinnamomum kanehirae* ([@bib23]). [@bib1] reported that many soil bacteria and fungi are able to colonize epidermal and outer cortical cells of healthy roots inter- and intra-cellularly. That may be the reason why the great richness of *F*. *oxysporum* is in according with the soil.Table 1Endophytic fungi isolated from rhizomes of *Paris polyphylla* at different ages.Table 1Sr. No.FungusRelative frequency (%)4 years6 years8 years1*Alternaria* sp.4.552*Cylindrocarpon* sp.9.093*Chaetomium globosum*3.704*Chaetomium* sp.6.825*Fusarium oxysporum*48.0066.6725.006*Fusarium redolens*9.267*Fusarium* sp.8.008*Leptodontidium* sp.26.009*Plectosphaerella cucumerina*4.003.704.5510*Paraphaeosphaeria sporulosa*13.6411*Pyrenochaeta* sp.4.5512*Penicillium chrysogenum*16.6713*Penicillium swiecickii*6.8214*Trichoderma viride*20.4515*Trichoderma ovalisporum*4.002.2716*Trichoderma gamsii*6.0017*Truncatella angustata*2.2718*Trichocladium opacum*4.00

In contrast to the fungal populations reported by [@bib15], we noted that *P. polyphylla* was associated with other taxa (in addition to *F*. *oxysporum*). This discrepancy might be explained by differences in growth environments and experimental materials between the two studies, because endophyte diversity is easily affected by environment. For example, the fungal colony in *Truncatella angustata* was the least common, with a colonization frequency of only 0.75%. This species has also been isolated from healthy vines of grape (*Vitis vinifera*), and is sometimes regarded as a pathogen in that plant ([@bib7]).

Some fungal taxa associated with our *P. polyphylla* samples were specific to age class. These included *Fusarium* sp., *Leptodontidium* sp., *Trichoderma gamsii*, and *Trichocladium opacum*, which were found only with four-year-old rhizomes. Likewise, *Chaetomium globosum*, *F. redolens*, and *P. chrysogenum* occurred only with six-year-old rhizomes, while *Alternaria* sp., *Cylindrocarpon* sp., *Chaetomium* sp., *P. sporulosa*, *Pyrenochaeta* sp., *Penicillium swiecickii*, *T. viride*, and *T. angustata* were specific to eight-year-old rhizomes. Several factors may affect plant-associated microbial communities, such as anthropic factors ([@bib24]), plant physiology ([@bib13]), environmental conditions ([@bib34]), and pathogen infections ([@bib4]). Moreover, a shift in the composition of those communities can be driven by genetic and physiological diversity ([@bib17]). Thus, alterations in the developmental physiology of the rhizomes may change the compositional diversity of endophytic fungi in plants at different stages of maturity (c.f., [@bib6]). Our eight-year-old rhizomes had special endophytic fungi, e.g., *Alternaria* sp., *Cylindrocarpon* sp., *Chaetomium* sp., *P. sporulosa*, *Pyrenochaeta* sp., *P. swiecickii*, *T. viride*, and *T. angustata*. The most abundant fungus, *T. viride*, is free-living in the soil and root ecosystems, and can produce a wide range of antibiotic substances ([@bib33]). Although we found no direct evidence that these fungi were responsible for elevated saponin production, our results suggest that fungal diversity is accompanied by higher concentrations of saponin.

Overall, 51.51% of the isolates identified here belonged to the Sordariomycetes, 9.09% to the Dothideomycetes, 6.06% to the Eurotiomycetes, and 3.03% to the Ascomycetes ([Fig. 2](#fig2){ref-type="fig"}). However, we did not recover any Ascomycetes species from six- and eight-year-old rhizomes, nor did we find any Dothideomycetes in four- and six-year-old plants, or any Eurotiomycetes in four-year-old plants. By comparison, members of Sordariomycetes were present in all three age classes. These high frequencies demonstrated how easily fungi can colonize roots and shoots and efficiently communicate with the host plant via chemical signals, such as sugar, hormone et al. ([@bib12]). Some strains may be associated with the stimulation of plant growth or biomass production, as well as protection against pathogens, the supply of nutrients and hormones to host plants, suppression of diseases caused by pathogens, or alleviation of abiotic stress ([@bib11]). Among the Ascomycetes, we found only *Leptodontidium* sp. in four-year-old rhizomes ([Table 1](#tbl1){ref-type="table"}). [@bib22] have suggested that *L. orchidicola* belongs to an artificial group, i.e., the "dark septate endophytes". This fungus can promote plant growth and protect its host from various stresses by secreting secondary metabolites. Eurotiomycetes are common fungal endophytes. However, we found Dothideomycetes only in the eight-year-old rhizomes. Some members of this group can produce a variety of metabolites ([@bib25]). For example, *Paraphaeosphaeria quadriseptata* in Dothideomycetes has potential anti-cancer activity ([@bib30]). Thus, it is possible that these fungi have an important role in secondary metabolism in the rhizomes, but their functions, especially those of the Dothideomycetes, will require further study.Fig. 2Distribution of endophytic fungi sampled from rhizomes of *Paris polyphylla* at different ages.Fig. 2

To improve our understanding of the interactions between plants and fungal communities in the rhizomes of *P. polyphylla*, we used ITS pyrosequencing analysis of the polymerase chain reaction (PCR)-amplified internal transcribed spacer (ITS) gene. This approach is designed to provide an overview of fungal community profiles that encompass a range of fundamental processes associated with ecosystem functioning, such as organic matter decomposition, nutrient cycling, and plant growth stimulation ([@bib31]). Here, Good\'s coverage values (calculated at a 97% similarity cut-off) indicated that the number of pyrosequencing reads obtained from our samples was sufficient to capture the microorganism diversity in *P. polyphylla*. Various genera, including *Alternaria*, *Chaetomium*, *Fusarium*, *Plectosphaerella*, *Pyrenochaeta*, and *Penicillium* were detected by both isolation and ITS pyrosequencing methods. The latter means revealed a more complex microbiota than that obtained through fungal cultures. However, ITS pyrosequencing analysis of total fungal DNA did not present any bands corresponding to several representative species, including isolates for *Cylindrocarpon* sp., *Leptodontidium* sp., *P. sporulosa*, *T. viride*, *T. ovalisporum*, *T. gamsii*, *T. angustata*, and *T. opacum* ([Table 2](#tbl2){ref-type="table"}). This was the case even though our colony cultures had indicated that those species were predominant members of the microbiota. Biases in total DNA extraction from these strains was likely the reason that those were not recovered from the rhizome samples. [@bib20] have also shown that some species representing very small communities are not visible in profiles of microbial communities. It is possible that the enrichment of fungi in the growth medium may result in the proliferation of only a few original samples at the expense of reduced competition and stimulated metabolism. In contrast, we were unable to recover *Neonectria* sp. with our cultivation techniques even though it often occurs in plants and exhibits strong antimicrobial activity ([@bib2]). We hypothesize that some species that were detected by sequencing but not isolated by plating may play an important role in secondary metabolism in the rhizomes. Therefore, meta-transcriptomic analysis may allow us to identify key genes that are expressed during various processes of plant growth and development.Table 2Endophytic fungi calculated from rhizome metagenome of *Paris polyphylla* at different ages.Table 1Sr. No.FungusRelative Frequency (%)4 years6 years8 years1Unknown79.24876.63667.5782*Acremonium*0.00800.1183*Alternaria*0.00600.0104*Archaeorhizomyces*0.030005*Aspergillus*0.11800.1746*Bionectria*00.0080.0647*Candida*0.032008*Chaetomium*0.0040.0020.0249*Cladosporium*0.0180.0080.03210*Dipodascus*0.0360011*Doratomyces*00.002012*Fusarium*18.07014.94411.12013*Galactomyces*0.0380014*Gibberella*00.3560.33615*Gliomastix*000.04616*Hirsutella*00.0040.02417*Ilyonectria*000.00418*Kodamaea*000.02819*Lophiostoma*0.00200.02420*Microdochium*00.038021*Myrothecium*0.0160.016022*Nectria*000.01823*Neonectria*0.0460.0480.98824*Penicillium*0.0880.0100.33225*Pichia*0.00600.01026*Plectosphaerella*02.16407.86618.54827*Pyrenochaeta*00.0520.42228*Rhodotorula*00.0020.05629*Schizophyllum*0.0020.0080.02830*Spencermartinsia*0.0060031*Stachybotrys*0.0620032*Thyrostroma*000.016

Older plants of *P. polyphylla* have higher levels of saponin ([@bib6]). Increased concentrations in our eight-year-old rhizomes might have been associated with enhanced microorganism abundance and activity, even though we could not absolutely demonstrate that here. Endophytes can promote plant health and growth, elicit plant metabolism, or directly produce biotechnologically relevant compounds ([@bib3]). Furthermore, [@bib38] have described the potential of developing metabolites from the endophyte *P. guilliermondii* as antimicrobial agents. Their report indirectly supports our hypothesis. In this context, the characterization of uncultivable microorganism communities is a fundamental step in strengthening our understanding of the important role that endophytes have in the metabolism and accumulation of secondary metabolites. Thus, our findings offer a preliminary but very promising prospect for improving the cultivation of *P. polyphylla* through the use of endophytes.
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